The strength of predation impact on recipient environments may vary among introduced populations due to their local adaptations to different prey. We examined whether functional diversification associated with morphological differences may be observed among the introduced populations of invasive bluegill sunfish Lepomis macrochirus (Perciformes, Centrarchidae) in Japan. The two examined populations are morphologically different, although they were recently derived from a common American source and colonized in different lakes. We performed a laboratory experiment wherein these populations were fed the benthic (chironomid larva) and the pelagic prey (daphnid zooplankton). The results revealed that a population colonizing in a shallower lake and foraging on benthic invertebrates in the wild had a greater impact on the benthic prey, whereas the other population colonizing in a deeper lake and foraging on crustacean zooplankton have consumed the pelagic prey more efficiently. A series of regression analyses showed that morphological differences among individuals were responsible for these population differences. The evidence obtained suggests that morphological adaptations by introduced bluegill populations enhance the strength of predation impact on a prey resource consumed in a relevant environment, but reduce the impact on the other prey. Thus, although the introduced Japanese populations were recently derived from a common ancestor, the predation impacts on the native prey community vary due to morphological adaptations to different prey.
INTRODUCTION
An increasing amount of evidence suggests that introduced populations can adapt to newly-colonized environments (Losos, Warheit & Schoener, 1997; Reznick et al ., 1997; Hendry et al ., 2000; Huey et al ., 2000; Simberloff, Dayan & Ogura, 2000) . Such an adaptation by introduced populations may enhance the strength of predation impact on the prey resources available. Despite these predictions, the predation risk of an introduced population on a recipient community has been estimated without considering the importance of adaptation (Mooney & Cleland, 2001; Stockwell, Hendry & Kinnison, 2003) .
The environments in lakes and ponds may exhibit spatial or temporal variation in both abiotic and biotic parameters. A well-known example is the difference in prey resource composition and availability between the littoral and pelagic habitats. A number of studies have shown that different morphological and behavioural adaptations are required to exploit prey resources alternatively found in a littoral or pelagic habitat (Lavin & Mcphail, 1986; Bernatchez & Dodson, 1991; Robinson, Wilson & Margosian, 2000) . This aspect has been considered to produce functional trade-offs among the populations (Mittelbach, Osenberg & Wainwright, 1992; Ehlinger, 1990; Malmquist, 1992; Schluter, 1995; Robinson, Wilson & Shea, 1996) . Because the relative volume of these two alternative habitats alters extensively among colonized lakes and ponds, the predation impact on a given prey resource (i.e. littoral or pelagic prey) may differ among the introduced populations if they can adapt in response to these different environments.
In Japan, 18 individuals of the bluegills Lepomis macrochirus (Perciformes, Centrarchidae) were introduced in 1960 from a common ancestor of the Mississippi River population (Guttenberg, IA, USA) (National Federation of Inlandwater Fisheries Cooperatives, 1991) . Subsequent to their introduction, the descendants of the founder individuals rapidly established themselves across a wide geographical range of Japanese lakes and ponds, and these establishments were probably aided by anthropological transportations. Recent mitochondrial DNA analysis has reconfirmed the historical record that the presently introduced Japanese populations probably originated from a common ancestor of the Mississippi River population (Kawamura et al ., 2006) . Despite this single limited origin of Japanese bluegills, previous studies demonstrated that morphological traits differed among and within the bluegill populations (Yonekura, 2002; Yonekura, Nakai & Yuma, 2002) .
In the present study, we focused on the functional link between morphology and foraging efficiency by using two morphologically different populations of the introduced bluegills. We hypothesized that the predation impacts on a recipient prey environment may be different among the introduced populations because they can adapt morphologically to different prey resources alternativey found in either of the littoral or the pelagic habitats. This hypothesis was tested by conducting a laboratory experiment, in which individual bluegills from two populations were allowed to forage either pelagic or benthic prey. In the present study, we demonstrate: (1) morphological differences between the introduced populations, and their morphological divergence from a common ancestor of the present Mississippi River population; (2) the functional trade-offs measured using the foraging efficiency between the two morphologically different introduced populations; and (3) the effect of morphological differences among individuals on foraging efficiency on the two alternative prey resources.
MATERIAL AND METHODS S TUDY POPULATIONS AND PRE -EXPERIMENTAL

TREATMENT
We conducted a laboratory experiment using bluegills from Hinogawa Lake and Nunome Reservoir; both these areas are located within the Kinki region, Honshu Island, Japan. Hinogawa Lake (maximum depth: 5 m, surface area: 0.26 km 2 , lake volume: 1.04 × 10 6 m 3 ) is a shallow lake with a predominating littoral habitat and a large floating vegetation area, whereas Nunome Reservoir (maximum depth: 42 m, surface area: 0.95 km 2 , lake volume: 1.73 × 10 7 m 3 ) has a well-developed pelagic habitat without any vegetation area. The ratios of the lake area to lake volume were 2.51 and 0.55 for Hinogawa and for Nunome lakes, respectively, indicating that they had considerably different lake morphologies.
Individuals from the two populations were collected 30-40 days prior to the foraging experiment. Fish having a standard length of 79-110 mm were used to minimize the effects of size on foraging efficiency. They were reared in tanks (630 L), and each population was separately maintained. Prior to the experiments, the fish were acclimatized to the following experimental procedures for at least 1 week. Bluegills (4-6 individuals) from the same populations were simultaneously transferred into an experimental tank and allowed to feed twice a day for 15 min. The acclimatized fish were fed on frozen red worms and tetramin commercial fish foods. Prior to the start of the experiments, 14-21 trials were conducted. Using this treatment, the fish were steadily acclimatized to the experimental procedures, in accordance with Mittelbach (1981) who suggested that the foraging rate of individual bluegill might improve over six to eight trials with similar experimental conditions.
F ORAGING EXPERIMENT
The foraging efficiency of individual fish was measured in experimental pelagic and littoral environments that were in rectangular tanks (160 × 90 × 60 cm). The experimental conditions were identical between the pelagic and littoral habitat, except for the difference in the experimental prey controlled in the tanks. Each experimental tank consisted of dechlorinated water with lake sand distributed evenly over the bottom of the tank to a depth of approximately 2 cm. Water and lake sand were replaced in each experimental trial. The water temperature was maintained at 21-23 ° C.
In the experiment, chironomid larva ( Glyptotendipes spp.) and Daphnia galeata were used as the representatives for littoral and pelagic prey, respectively. These prey items were chosen because they were dominant prey consumed in each of the representative habitat in the wild. The prey were collected from local ponds and were cultured in the laboratory.
In the pelagic experiments, a size range (0.6-2.0 mm) and density (1.0 N L − 1 ) of Daphnia were sizesorted, counted, and released from a plastic case and allowed to disperse immediately (20-30 min) prior to the initiation of the feeding experiment. In the littoral experiment, a size range (3.0-14.0 mm) and density (100 N m − 2 ) of chironomid larva were evenly placed at the bottom of an experimental tank 24 h prior to each experimental trial, and they were allowed to dwell in the sediments. These prey densities were within a range of local lakes and ponds, where the bluegill was presently observed (Yonekura, Kita & Yuma, 2004 ).
An experimental trial consisted of transferring a single fish into the experimental tank, acclimatizing it for 10 min in a small chamber (60 L), and allowing it to feed for 15 min after the first strike of prey item was observed. The fish were starved for 24 h before the experiments and were randomly assigned to one of the two experimental habitats. The observer sitting near the experimental tank counted the number of strikes of prey item. After feeding for 15 min, the fish was removed from the experimental tank using dip nets, and immediately stomach-pumped to obtain the prey items consumed during the experiment. The prey items were preserved in vials, and the examined fish were frozen at − 40 ° C. We examined 40 individuals from the Hinogawa populations ( N = 20 for the littoral habitat, N = 20 for the pelagic habitat), and 43 individuals from the Nunome populations ( N = 21 for the littoral habitat, n = 22 for the pelagic habitat).
M EASURING DATA
We compared morphological traits between the two introduced populations used in the experiment and a common ancestral Mississippi River population captured at Guttenberg, Iowa. For the two introduced populations, morphological traits were individually measured after the experiment was terminated. For a Mississippi River population, the present Mississippi River population was sampled at the same location where the founder populations of Japan were collected in 1960. Morphological traits included mouth width, upper jaw length, longest gill raker length at first gill arch, mean gill raker gap at first gill arch, body depth, and pectoral fin length. The gill raker length and gill raker gap were measured using an ocular micrometer on a dissecting microscope, and the other morphological traits were measured using a digital caliper. All the traits were measured to the nearest 0.01 mm. The standard length was also measured as an overall size measure of individual fish. The effect of size on each morphological measurement was eliminated by regression of each morphological trait on the standard length, and the residuals on the common regression slopes were used as the morphological difference among individual bluegills. The common regression slopes were based on the pooled data obtained from the two introduced populations and the Mississippi River population. All the morphological data were ln-transformed to maintain the homogeneous variances before the residuals were obtained.
The length of prey items consumed during the experimental trial was measured using an ocular micrometer on a dissecting microscope to the nearest 0.01 mm. The length of each prey item was then converted to dry mass ( μ g) using the method suggested by Smit, Dudok van Hell & Wiersma (1993) and Bottrell et al . (1976) for the littoral and pelagic prey, respectively. For each examined fish, we calculated four indices of foraging efficiency: mean prey length, strike intervals (strikes min − 1 ), capture success ( μ g strike − 1 ), and foraging intake ( μ g min − 1 ). We adopted these four indices of foraging efficiency because foraging efficiency should be determined as the integrated results from these indices.
D IET IN THE WILD
The diet proportions in the wild were calculated in Hinogawa, Nunome, and Mississippi River Populations collected in the wild from June to October, 2001 . We examined only the content of stomach, and prey items were identified to the lowest taxonomic level possible under a dissecting microscope. Prey items were then classified into one of three groups on the basis of the habitat in which they most commonly occur. 'Benthic prey' includes items typically found in or on the lake sediment or attached to vegetation. 'Plankton' refers to prey found in a water column. Prey occurring in neither habitat nor both habitats were classified as 'other prey'. Population diet proportions were obtained by unweighted means of individual values ( N = 30, 30, and 37 for Hinogawa, Nunome, and Mississippi River, respectively). The examined fish for diet analysis had sizes similar to the fish used in the laboratory experiment (range in standard length: Hinogawa; 55-116 mm, Nunome; 62-108 mm, Mississippi River; 60-112 mm).
S TATISTICAL ANALYSES
We tested whether statistical interactions were observed between the two experimentally manipulated factors: populations and experimental habitats. Population differences in each of the four indices of foraging efficiencies were tested using two-way analysis of variance, in which population and experimental habitat were considered as independent factors and each of the four foraging indices were considered as dependent variables. All the data were ln-transformed before analyses.
To test whether the morphological differences of individual fish influenced foraging efficiency, we conducted multiple regression analyses with the six morphological traits of individual fish as factors and foraging efficiency as a dependent variable. Multiple regression analyses were performed separately for the strike interval and capture success and in the two habitat experiments. All the data used in the analyses were ln( x + 1)-transformed. After performing multiple regression analyses, we also performed simple regression analyses to closely examine the relationships between morphology and foraging efficiency, with the strike interval or capture success as a dependent variable and morphological variation (residuals) among individuals as independent variables. This test was conducted only for the morphological traits, which explained the difference in foraging efficiency most significantly by multiple regression analyses.
RESULTS
M ORPHOLOGICAL DIFFERENCES
When residuals from common regression slopes were compared, all the six morphological traits differed between Hinogawa and Nunome populations (Fig. 1) . A multivariate analysis of variance (MANOVA), with the two populations as a factor and the six morphological traits as dependent variables, showed highly significant overall population differences in morphologies (Wilks' lambda = 0.26, F 6,76 = 35.8, P < 0.0001), with significant univariate effects on each of the morphologies (separate ANOVAs, F 1,81 = 7.40-139.43, P < 0.007 for all morphologies). In general, individuals from the Hinogawa population had a wider mouth, a shorter pectoral fin length, and a deeper body than that of the individuals from the Nunome population, whereas individuals from the Nunome population had longer and narrower spaced gill rakers.
Morphological traits in the two introduced populations had differentiated from a common 'ancestral' Mississippi River population (Fig. 1 ). Tukey's HSD pairwise comparisons of each morphological trait at a significant level of P < 0.05 showed that all the morphological traits in the two introduced populations exhibited differences from the Mississippi River population, except in terms of the mouth width in the Hinogawa population. The morphological differences from the Mississippi River population were of a greater magnitude in the Nunome population compared with those in the Hinogawa population.
V ARIATION IN DIET IN THE WILD
The two introduced populations and the Mississippi River population consumed quite different prey items in the wild (Table 1 ) (MANOVA, Wilks' lambda = 0.04, F 28,162 = 23.9, P < 0.0001). In the Hinogawa population, 84.3% of the diet on a dry mass basis comprised of benthic prey, particularly chironomid larva, Trichoptera, and Ephemeroptera. Similarly, the Mississippi River population also consumed mainly the benthic prey (92.6%), such as chironomid larva, amphipod, and gastropod prey. On the other hand, in the Nunome population, the diet comprised of plankton such as Daphnia sp. (24.4%) and Leptodora kindtii (58.8%).
P OPULATION DIFFERENCES IN FORAGING EFFICIENCY
Population × habitat interactions by two-way ANOVA were observed all in the four foraging indices ( Table 2 ). The mean prey length consumed during the experiment was larger in the Hinogawa population than that in Nunome population in both habitats, but the differences were greater in the littoral habitat than in the pelagic habitat ( Fig. 2A) . The other three indices of foraging efficiencies were significantly reversed between the two experimental habitats (Table 2 ). In terms of the strike interval and the capture success, the Hinogawa population in the littoral habitat had a shorter strike interval and a higher capture success than those of the Nunome population in the littoral habitat. On the other hand, in the pelagic Figure 1 . Mean ± standard error of morphological traits in the Hinogawa and Nunome populations used in the laboratory experiment, and their common ancestral Mississippi River population (Guttenberg, IA, USA). Residuals on the common regression slopes were used as morphological differences among the populations. GG, gill raker gap; GL, gill raker length; BD, body length; PFL, pectoral fin length; UJL, upper jaw length; MW, mouth width.
Morphological characters
Residual from common regression slopes habitat, these abilities were reversed in the two populations (Fig. 2B, C) . Finally, a marked functional trade-off was observed in the foraging intake. In the experimental habitat, the foraging intake by the Hinogawa population was approximately 2.5-fold greater than that of the Nunome population whereas, in the pelagic habitat, the foraging intake by the Nunome population was 2.2-fold greater than that of the Hinogawa population (Fig. 2D) .
MORPHOLOGY VS. FORAING EFFICIENCY
The multiple regression analyses indicated that morphological variation among individual bluegills was associated with the individual differences in foraging efficiencies, except for the strike interval in the littoral habitat (Table 3 ). The coefficients of multiple regressions indicated that the effect of each morphological variable on foraging efficiencies was mostly reversed between the littoral and pelagic habitats. In the terms of the strike interval, individual variation in the pectoral fin length mostly explained the foraging differences in both the littoral and pelagic habitats. In terms of the capture success, mouth width and gill raker gap had a significant effect on individual foraging differences in the littoral habitat, whereas variation in the gill raker gap influenced the capture success in the pelagic habitat.
Furthermore, simple regression analyses revealed that the strike interval in the littoral habitat negatively correlated with the pectoral fin length whereas, in the pelagic habitat, a positive correlation was observed between the pectoral fin length and the strike interval (Fig. 3) . In addition, the capture success in the littoral habitat decreased with an increase in the mouth width. However, the gill raker gap was negatively related to the capture success in the pelagic habitat. These relationships between the morphology and foraging efficiency were highly significant when the data of the two populations were combined (Table 4) . Similar trends were also observed when the data from regression analyses were separately examined in each population, although both significant and nonsignificant relationships were observed.
DISCUSSION
The present study examined the functional links between morphology and foraging efficiency under the experimental littoral and pelagic prey conditions. It also tested the hypothesis that predation impacts on a given prey (i.e. the littoral or the pelagic prey) were different between the introduced populations due to their different morphological adaptations toward different prey resources. The Hinogawa population, which colonizes in a relatively shallow lake and con- 7.6 ± 3.7 4.9 ± 3.7 5.4 ± 4.2
Proportions are the means ± standard error of values in individuals. Prey items that had less than < 1.0% of diet proportion are ommitted for clarity. sumes benthic invertebrates in the wild, performed efficient foraging in the littoral prey, but its performance diminished in the pelagic prey. By contrast, the Nunome population, which colonizes in a deeper reservoir and consumes pelagic crustacean zooplanktons, could perform an efficient foraging in the pelagic habitat but their performance diminished in the littoral habitat. This result clearly indicates that functional trade-offs exist between populations and experimental prey. The examined populations were exposed to different prey environments, as suggested by the differences in the diet consumed in the wild. Therefore, we allowed the fish to acclimatize to identical foods and experimental procedures in the laboratory prior to the experimental test. Indeed, the effect of past experience on foraging efficiencies was unlikely to explain the population difference when considering the results obtained by subsequent multiple and simple regression analyses. A series of regression analyses indicated that the morphological differences among individuals are likely to influence the population difference in foraging efficiency. Based on these results, we conclude that morphological differences are an important component for these functional trade-offs.
We used four indices of foraging efficiencies (mean prey length, strike interval, capture success, and foraging intake) because the final foraging success is generally determined by integrating these indices during a series of foraging phases (Endler, 1986) , and different morphological characters may be responsible for the different foraging phases. For example, the strike interval may reflect the ability of prey detection during the search for the prey item, as suggested by evidence demonstrating that a starved bluegill always pursues all encountered prey (Mittelbach, 1981; Janssen, 1982; Ehlinger, 1990) . In both experimental habitats, multiple regression analyses showed that individual differences in the pectoral fin length mostly influenced the strike intervals, and the role of the pectoral fin length was reversed between the alternative habitats. This result is plausible because, in some fish species, the pectoral fin functions as an important organ for detecting prey, and their functional role (e.g. hovering duration and searching distance) is often reversed when an individual fish searches for a cryptic or conspicuous prey item.
On the other hand, capture success may be responsible for the differences in the manner in which individuals can consume a prey item successfully following a strike of prey items. The Nunome population was limited to smaller sizes of the chironomid prey, as indicated by significant population differences in the mean prey length in the littoral habitat. These differences are in agreement with the results indicating that the mouth width justified most of the individual differences in capture success in the littoral habitat. This is because the prey size of the prey that is consumed by individuals often depends on their mouth width, particularly when fish forage prey organisms that have a relatively large size (Werner, 1977; Bentzen & Mcphail, 1984; Wainwright, 1988; Norton, 1991) . Compared with the littoral habitat, individual Multiple regressions were significant, except for strike interval in the benthic habitat. Benthic habitat: strike interval (F 6,35 = 1.51, r 2 = 0.21, P = 0.20), capture success (F 6,35 = 9.05, r 2 = 0.61, P < 0.001); pelagic habitat: strike interval (F 6,35 = 4.05, r 2 = 0.41, P < 0.01), capture success (F 6,35 = 5.90, r 2 = 0.50, P < 0.001). The morphological characters that most explained individual differences in the strike interval and capture success by multiple regressions were analysed. *P < 0.05, ***P < 0.001. differences in the gill raker gap could be responsible for the foraging performance in the pelagic habitat. The gill raker in fish often plays an important role in retaining small prey items during their consumption (Mittelbach, 1984; Lavin & Mcphail, 1986; Mummert & Drenner, 1986; Budy & Haddix, 2005) . In the present study, the Hinogawa population could capture daphnid prey less successfully per strike, and it consumed only larger daphnid planktons compared to the Nunome population. These results suggest that the Hinogawa population may retain only large-sized daphnid planktons because they have relatively short and sparse gill rakers, and this resulted in a population difference in the capture success in the pelagic habitat. These morphological adaptations by the introduced bluegill populations may improve the exploitation of prey frequently consumed in a newly-colonized environment. These adaptations may not only influence the fitness of introduced populations (e.g. survival, growth, and fecundity), but also have negative impacts on the native prey and competitors via their Regressions were examined only in those morphologies that explained major differences in strike intervals and capture successes in the pelagic and littoral habitats by multiple regression analyses. For more detailed information regarding regression analyses, see Table 3 . increased predation impact on the recipient environment. Although, in Japan, the introduced bluegills were recently derived from a common ancestral Mississippi River population, the present study demonstrates that their functional roles in a recipient community could be more diverse than predicted. These morphological adaptations have occurred over several decades subsequent to the first colonization event in Japan, although these morphological differences may be heritable but also influenced by phenotype plasticity (Stearns, 1989) . Regardless of the reason, the results obtained suggest that recently introduced bluegills, similar to some introduced species or populations, are not static entities that retain their ancestral traits, but are flexible entities that can adjust their traits in response to a new environment. Therefore, it should be considered that, even in the case of bluegills introduced in Japan, the impact on a recipient community may not be identical because the populations show different morphological adaptations depending on the prey available in a newly-colonized environment. Conservation management, which considers the adaptive adjustment in response to a newly-colonized environment, will enable more efficient control of introduced species and more accurate predictions on a recipient community.
